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Mammalian heart development involves complex morphogenetic events which lead to the formation of fully separated left and right atrial and
ventricular chambers from a tubular heart. Separation of left and right ventricular chambers is dependent on a single structure, the interventricular
septum (IVS), which has both muscular and mesenchymal components. Little is known about the morphogenetic events that lead to the formation
of the muscular component of the IVS. We have analyzed two transgenic mouse lines that display complementary nlacZ reporter gene expression
patterns in the embryonic ventricles: the Mlc1v-nlacZ-24 transgene is expressed in right ventricular myocardium and the Mlc3f-nlacZ-2 transgene
in left ventricular myocardium. Detailed analysis of these transgene expression patterns during IVS formation reveals a symmetric left and right
myocardial identity within the developing IVS between embryonic days 9.5 and 11.5. From embryonic day 12.5 onwards, myocytes with a left
ventricular identity dominate the IVS, particularly in its dorsal aspect. The T-box transcription factor encoding gene, Tbx18, is expressed in the left
ventricle and left side of the developing IVS, providing additional support for the presence of left and right ventricular identities within the IVS.
Analysis of clonally related cardiomyocyte clusters confirms that both left and right ventricular myocardial cell populations contribute to the
forming IVS, in similar domains to those defined by theMlc-nlacZ transgenes. Examination of the orientation as well as the distribution of labeled
cells in clusters provides new insights into the morphogenesis of the septum.
© 2006 Elsevier Inc. All rights reserved.Keywords: Interventricular septum; Heart development; Lineage tracingIntroduction
The mammalian heart develops from a tubular structure to a
four-chambered organ directing separate systemic and pulmo-
nary circulatory systems (Fishman and Chien, 1997; Lamers
and Moorman, 2002). During this process, the atrial chambers
become divided by formation of the primary atrial septum and
subsequently by an ingrowth of the atrial myocardium, the
secondary atrial septum (Kim et al., 2001; Webb et al., 1996,
1998, 1999). Separation of the left (systemic) and right⁎ Corresponding author. Fax: +34 953 212141.
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doi:10.1016/j.ydbio.2006.02.045(pulmonary) ventricles is dependent on a single structure, the
interventricular septum (IVS), which has distinct muscular and
mesenchymal components (De la Cruz et al., 1983, 1997;
Kaufman, 1992). The muscular component arises early in
development as a myocardial outgrowth of the ventricular wall,
at the level of the interventricular groove, whereas the
mesenchymal component originates mainly from the fusion of
the atrioventricular and conotruncal endocardial cushions
(Eisenberg and Markwald, 1995). The contribution of the
endocardial cushions to the membranous IVS has been
extensively studied (Kauffman, 1997; Eisenberg and Markwald,
1995). However, the developmental processes leading to
formation of the muscular IVS, as well as the morphological
origins of the IVS, remain largely unexplored.
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developmental processes that lead to growth of the muscular
IVS. Several authors have suggested that the progressive
increase in IVS length is due to an active process of cell growth
in the apical region of the septum (Patten, 1964; Harh and Paul,
1975). In contrast, other authors have suggested that the growth
of the IVS is a passive process resulting from outpocketing of
the right and left ventricular cavities, leading to a virtual growth
of the muscular septum (Van Mierop and Kutsche, 1985; Van
Mierop and Netter, 1969; Rychter et al., 1979). Fate mapping
experiments identified the presumptive region of the interven-
tricular septum in the early chick heart tube, but did not provide
evidence about its subsequent growth (De la Cruz et al., 1997;
De la Cruz and Markwald, 2000). This work revealed that labels
introduced into the primordia of the developing interventricular
septum at the linear heart tube stage were found not in the most
apical region of the IVS, but two-thirds of the way along its
length, suggesting that the most apical region of the IVS
originates from a different region at early stages, in keeping
with previous hypotheses (Van Mierop and Kutsche, 1985).
It has been postulated that the IVS myocardium has a dual
contribution, from both right and left ventricular cardiomyo-
cytes (Bruneau et al., 1999; Takeuchi et al., 2003). In fact,
hypertrophic conditions affecting uniquely the right or left
ventricles lead to a differential involvement of such pathologies
in the interventricular septum (Lekanne-Deprez et al., 1998;
Becker and Anderson, 1983). Hypertrophy of the left ventricle
normally leads to a thickening of the IVS (Becker and
Anderson, 1983), whereas hypertrophy of the right ventricle
affects the IVS to a lesser extent (Becker and Anderson, 1983;
Lekanne-Deprez et al., 1998). Based on these observations, it
has been proposed that the interventricular septum in the adult
heart has mainly left ventricular characteristics. However, the
morphogenetic process that leads to the formation of the
interventricular septum and the contribution of right and left
ventricular myocardium to the IVS has not yet been examined.
In this study, we have investigated the morphogenesis of the
muscular IVS using transgenic cardiosensor mice and retro-
spective clonal analysis. We have analyzed two different
transgenic mouse lines, which display complementary expres-
sion of β-galactosidase encoding reporter genes in the
ventricles, in order to assess the differential left/right identity
of cardiomyocytes within the developing IVS. The Mlc1v-
nlacZ-24 transgene is expressed in the outflow tract and right
ventricular myocardium whereas theMlc3f-nlacZ-2 transgene is
expressed in left ventricular myocardium and the atrial
appendages. Comparison of these transgene expression patterns
suggests that there is a symmetric left and right ventricular
identity within the developing IVS from E9.5 to E11.5. From
E12.5 onwards, myocardium with a left ventricular identity
dominates in the IVS, particularly in the dorsal aspect. Previous
retrospective clonal analysis of mouse heart development in
which the reporter sequence nlaacZ had been targeted to the α-
cardiac actin gene has shown that after an early phase of
dispersive cell growth, coherent growth takes place to generate
oriented clusters of myocardial cells (Meilhac et al., 2004b).
Using this system, we analyzed the distribution of clonallyrelated cells in clusters in the IVS and adjacent ventricular
compartments at E14.5. Together with our transgenic results,
this analysis demonstrates for the first time that myocardial cell
populations in both the left and right ventricles contribute to the
formation of the IVS.
Material and methods
Transgenic lines
Two transgenic lines containing an nlacZ reporter gene encoding nuclear
localized β-galactosidase, under the transcriptional control of regulatory
elements from the murine Mlc3f gene (Mlc3f-nlacZ-2) or the murine Mlc1v
gene (Mlc1v-nlacZ-24), were analyzed. The Mlc1v-nlacZ-24 transgene is under
additional transcriptional control of regulatory elements adjacent to the site of
transgene integration, upstream of Fgf10 on mouse chromosome 13 (Kelly et al.,
2001). Both transgenes have been previously described (Franco et al., 1997;
Kelly et al., 1998, 2001).
Embryonic and adult heart preparations
Embryos hemizygous for the Mlc3f-nlacZ-2 and the Mlc1v-nlacZ-24
transgenes were analyzed between embryonic day (E) 8.5 and E16.5. The day
of the vaginal plug was taken as E0.5. Adult hearts were also analyzed. Hearts
were excised from positive transgenic mice of both transgenic lines and
sectioned along different axes to expose the mature interventricular septum. β-
galactosidase histochemical detection on whole mount and tissue sections was
carried out as previously described (Franco et al., 2001).
Retrospective clonal analysis
Clones of β-galactosidase-positive cells have been generated in the myocardium
of a mouse line in which the α-cardiac actin gene has been targeted with an nlaacZ
reporter sequence (Meilhac et al., 2003). This is an inactive form of nlacZ containing
an intragenic duplication. When the nlaacZ sequence undergoes a rare event of
spontaneous intragenic recombination, it is converted to a functional nlacZ reporter
which is stably transmitted during subsequent cell divisions. A total number of 627
embryos at E14.5 were obtained and screened for the presence of clusters of β-
galactosidase-positive cells within the interventricular region. Thirty-five embryos
were selected and further processed for sectioning,with fixation in paraformaldehyde,
dehydration through increasing graded ethanol concentrations and embedding in
paraplast. Fourteen-micrometer-thick serial sections were obtained and β-galacto-
sidase staining was counterstained with nuclear fast red, as described by Franco et al.
(2001). The terms apical and basal refer to the IVS rather than the entire heart.
In situ hybridization
Non-radioactive in situ hybridization analysis of 12 μm serial embryo
sections was performed as previously described by Moorman et al. (2001). The
probe for Tbx5 (Chapman et al., 1996) was kindly provided by V. Papaioannou.
Probes for Cx40, Tbx18 and Tbx20 have been previously described (Delorme et
al., 1995; Kraus et al., 2001a,b).
Quantitation of the IVS cluster expansion
The width (left-to-right extension) and length (apico-basal extension) of the
clonally related IVS clusters were assessed by serially imaging sections
containing β-galactosidase expressing cells throughout the cluster, with
identification of its extremities. All images were equally magnified. The
average width of the IVS was measured taking as end points the right and left
edges of the IVS within a medial point, as illustrated in Fig. 3. The average
length (apico-basal extension) was similarly measured as illustrated in Fig. 3.
Measurements of the β-galactosidase cluster expansion were calculated as
percentages along the average left–right (width) and apico-basal (length)
extension of the IVS, respectively. Cluster width and length were measured for a
total number of 7 RV-IVS and 11 LV-IVS clones. Transgene expression in the
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positions, corresponding to dorsal, medial and ventral aspects of the IVS.
Results
Mlc1v-nlacZ-24 expression profile during IVS formation
We have analyzed the expression profile of theMlc1v-nlacZ-
24 transgene during cardiogenesis, focussing specifically on
formation of the interventricular septum (IVS).Mlc1v-nlacZ-24
expression is confined to the right ventricular myocardium and
the developing outflow tract at early stages of development
(E10.5) (Figs. 1A–B). The proximal limit of Mlc1v-nlacZ-24
expression reveals a boundary between left and right ventricular
components of the embryonic heart at the level of the
interventricular groove. At this stage (E10.5), the first
appearance of the IVS can be observed in cross-sectionsFig. 1. Mlc1v-nlacZ-24 transgene expression during IVS formation. Expression of
outflow tract myocardium at E10.5 (A) delimiting a sharp boundary at the intervent
stained cryostat sections at E10.5 revealed that the transgene expression in the dev
(arrows) (C). At E12.5, expression of the Mlc1v-nlacZ-24 transgene is limited to th
expression begins to be downregulated in the right ventricular free wall. A similar situ
G' correspond to a whole-mount X-gal stained adult heart that has been sectioned alo
area in panel G. The dotted line delineates the IVS extension in panel G'. ra, right awhere expression of the Mlc1v-nlacZ-24 transgene reveals a
right ventricular identity of cardiomyocytes in the right half of
the forming IVS (Fig. 1C). This expression profile within the
IVS is maintained until E11.5. From E12.5 onwards, theMlc1v-
nlacZ-24 expression domain within the IVS becomes progres-
sively reduced as non-transgene expressing myocardium
dominates the left ventricular facing wall of the IVS (Figs.
1D–E). At E14.5,Mlc1v-nlacZ-24 expression is observed along
the basal to apical length of the IVS. Expression is restricted to
myocardial cells on the right ventricular facing side of the IVS
(Fig. 1F). At this stage,Mlc1v-nlacZ-24 transgene expression is
observed predominantly in the dorsal aspect of the developing
IVS, running from the apex to the base of the septum (Fig. 1F),
whereas in the ventral aspect (data not shown) of the IVS, the β-
galactosidase positive layer is narrower. Similarly, in the adult
heart, expression of theMlc1v-nlacZ-24 transgene in the ventral
aspect is narrower than in the dorsal aspect of the IVS, but inthe Mlc1v-nlacZ-24 transgene is confined to the developing right ventricle and
ricular sulcus (B), as observed in whole X-gal stained heart preparations. X-gal
eloping interventricular septum is confined to the right half of the nascent IVS
e most rightward region of the IVS (D and E). Note that at this stage transgene
ation is observed at later stages (E14.5, F) and in the adult heart (G). Panels G and
ng the longitudinal axis prior to coloration. Panel G' is a close-up of the framed
trium; rv, right ventricle; la, left atrium, lv, left ventricle.
Fig. 2.Mlc3f-nlacZ-2 transgene expression during IVS formation. Expression of theMlc3f-nlacZ-2 transgene is confined to the left half of the developing IVS at early
stages of development (E10.5) as shown by X-gal stained cryostat sections (A and B). At E12.5, there is a more limited contribution in the ventral aspect of the
developing IVS (C), but in the dorsal aspect, expression of theMlc3f-nlacZ-2 transgene is increasingly broader (D). This pattern is maintained during subsequent fetal
(E–H) and adult stages (I). Panel I shows a whole-mount X-gal stained adult heart sectioned along the longitudinal axis, prior to coloration. The dotted line delineates
the IVS extension in panel I. ra, right atrium; rv, right ventricle; la, left atrium, lv, left ventricle; avc, atrioventricular canal.
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septum (Figs. 1G, G').
Mlc3f-nlacZ-2 expression profile during IVS formation
In parallel, we analyzed the expression profile of the Mlc3f-
nlacZ-2 transgene during formation of the IVS. Mlc3f-nlacZ-2Fig. 3. Mlc-nlacZ transgene expression profiles in the forming IVS. Cartoon summa
formation of the interventricular septum. Note that the expression of both Mlc-nlac
E11.5), but that there is a progressive dominance of cardiomyocytes with a left vent
forming IVS. Note that the transgene expression overlaps in the dorsal aspect of the ap
blue. The areas marked by black shading illustrate the progressive downregulation of
represent schematic 3D representations of transgene expression in the ventricular ch
expression profiles, highlighting the areas of overlapping expression (depicted in dar
(Figs. 1 and 2) are graphically represented. Figs. 1D and 2C, E, G are sectioned on aexpression is confined to the left ventricular and right atrial
myocardium as previously described (Franco et al., 1997; Kelly
et al., 1998). Expression of the Mlc3f-nlacZ-2 transgene is
observed in the left half of the primitive septal myocardium at
E10.5 (Figs. 2A–B). Between E10.5 and E11.5, this transgene is
expressed in the left-facing half of the IVS, in a complementary
profile to the Mlc1v-nlacZ-24 transgene (Figs. 1A–B). Fromrizing Mlc1v-nlacZ-24 and Mlc3f-nlacZ-2 transgene expression profiles during
Z transgenes in the IVS is symmetrical at early stages of development (E10.5–
ricular identity that is more apparent in the dorsal than the ventral aspect of the
ical region of the IVS at later embryonic stages (E14.5–E16.5), depicted in dark
theMlc1v-nlacZ-24 transgene in the right ventricular free wall. Panels A and B
ambers and the developing IVS, respectively. Panel C compiles both transgene
k blue). The planes of sectioning of the images illustrated in the previous figures
ventral plane whereas Figs. 1E, F and 2D, F, H are sectioned on a dorsal plane.
Fig. 4. T-box gene expression in the developing IVS. Non-radioactive in situ hybridization revealing Cx40 (A, E), Tbx5 (B, F), Tbx18 (C, G) and Tbx20 (D, H)
transcripts in transverse sections of E12.5 (A–D) and E16.5 (E–H) mouse hearts. Note that left ventricular expression of Tbx5 is confined to developing ventricular
trabeculations (panel B) at E12.5 and later to the left bundle branch (arrowheads, F), as delineated by Cx40 expression in an adjacent tissue section (A and E,
respectively). Tbx18 expression is confined to the left ventricular side of the IVS (C, G) at all developmental stages analyzed, being broader in the dorsal aspect as
compared to the ventral aspect (G). Tbx20 is expressed in the entire IVS myocardium (D and H) as well as in left and right chamber myocardium.
Table 1
β-galactosidase positive clusters in the developing interventricular region
Cluster
type
Size Total
(cluster)
<20 cells 20–40 cells 40–60cells >60 cells
RV-IVS 9 1 1 2 13
LV-IVS 10 1 2 3 16
IVS 16 3 0 0 19
Total (size) 35 5 3 5 48
The clusters have been divided into three different types: (a) RV-IVS, clusters
spanning from the right ventricular free wall into the IVS, (b) LV-IVS, clusters
spanning from the left ventricular free wall into the IVS, (c) IVS, clusters
exclusively within the IVS but with β-galactosidase positive cells either located
in the right or left domain. Clusters have been further characterized by size
(smaller or larger than 20 cells).
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becomes progressively more dominant within the IVS, partic-
ularly in the most dorsal region of the septum (Figs. 2C–D).
Non-expressing myocardium is observed only in the extreme
right ventricular facing wall of the IVS, in a complementary
profile to that observed for the Mlc1v-nlacZ-24 transgene. At
fetal stages (E14.5–16.5), dominance of Mlc3f-nlacZ-2 expres-
sing myocardium is complete within the dorsal part of the IVS,
whereas in the most ventral aspect, a sleeve of β-galactosidase
negative cells is observed in the outermost right ventricular
facing wall (Figs. 2E–H). This transgene expression pattern is
maintained in the adult heart (Fig. 2I). A schematic represen-
tation of Mlc3f-nlacZ-2 and Mlc1v-nlacZ-24 transgene expres-
sion domains is presented in Fig. 3.
Expression of the Mlc3f-nlacZ-2 transgene is therefore
highly complementary to that of the Mlc1v-nlacZ-24 transgene,
with the exception of a region of overlap in the most dorsal
region of the apex of the IVS (Fig. 3). Together, these
expression data suggest that most of the IVS is comprised of
complementary myocardial domains which share the transcrip-
tional identities of right and left ventricular myocardium. The
contribution of cardiomyocytes with left and right ventricular
identities is dynamic and left ventricular derived cardiomyo-
cytes come to dominate the IVS during development. At later
embryonic stages (E12.5), a third domain, expressing both
transgenes, is observed in the dorsal region of the apex of the
IVS, which may originate from the inner curvature of the
embryonic heart where both transgenes are coexpressed.
Tbx gene expression in the developing IVS
The ventricular expression of both Mlc1v-nlacZ-24 and
Mlc3f-nlacZ-2 transgenic lines supports the notion that the IVSis predominantly comprised of two distinct components which
share the transcriptional identity of left and right ventricular
myocardium. We have analyzed the expression profile of
endogenous genes expressed in the left or right ventricles for
regionalized expression during IVS formation, including three
T-box family genes, Tbx5, Tbx18 and Tbx20. Tbx5 is only
faintly expressed in a thin myocardial layer of the left IVS
myocardium at E12.5, which corresponds to part of the left side
of the ventricular conduction system (Figs. 4A, E), as
demonstrated by Cx40 expression (Figs. 4B, F; Bruneau et
al., 1999). Interestingly, Tbx5 expression was not detected in the
working myocardium of the IVS. Tbx18, however, is expressed
in left ventricular myocardium and displays a left restricted
expression in the developing IVS (Figs. 4C, G) in a similar
profile to that observed for the Mlc3f-nlacZ-2 transgene. Tbx18
is expressed broadly in the dorsal aspect of the developing IVS
from E12.5 onwards (Fig. 4C), whereas it is more restricted to
the left side of the IVS in the ventral aspect, even at later
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differential expression in the developing IVS (Figs. 4D, H).
Analysis of expression of other endogenous genes that have
distinct left/right chamber restricted expression, such as Hand1,
revealed no detectable expression in the IVS, the expression
being exclusively confined to the ventricular trabeculations (V.
Christoffels, unpublished data).
Distribution of clonally related cells which colonize the IVS
region
The expression profiles of the Mlc1v-nlacZ-24 and Mlc3f-
nlacZ-2 transgenes reveal that cardiomyocytes within the IVS
have distinct left and right transcriptional identities. These
observations suggest that during septum morphogenesis there is
a differential contribution of left and right ventricular myocytes
to the IVS. We tested this hypothesis by studying the
distribution of clonally related cardiomyocytes within the IVS
at E14.5. The clonal relationship and behavior of cardiomyo-
cytes in the developing mouse heart have been previously
examined by retrospective analysis, using a mouse line in which
an nlaacZ reporter sequence is targeted to the α-cardiac actin
gene (Meilhac et al., 2003, 2004a,b). The nlaacZ sequence
contains a duplication which disrupts the reading frame and
renders it inactive. However, after a rare intragenic recombina-
tion event, it is converted to nlacZ which produces a functional
β-galactosidase protein when the α-cardiac-actin gene is
expressed. This genetic modification is stably inherited by the
descendents of the cell in which it occurs, permitting a
retrospective clonal analysis based on the observation of β-
galactosidase positive cells. We addressed the clonal relation-Fig. 5. Retrospective clonal analysis of the myocardium in the interventricular regio
hearts from the α-cardiac-actinnlaacZ1.1/+ targeted line where whole-mount X-gal colo
the interventricular region, either on the right side (A and B) or the left side (F and G
illustrated in panels A, B and F, G, respectively. Clusters of cells participating in the l
left-restricted position (panels H–J), whereas those clusters of cells distributed in th
restricted to its right side (panels C and D). The arrowheads delineate the distribution
ventricle; la, left atrium; lv, left ventricle.ship between cells in the interventricular region at E14.5, using
this approach. At this stage, statistical analysis shows that
recombination is too frequent to permit a clonal analysis of all
labeled cells in the heart; however, cells within a labeled cluster
can be regarded as clonally related (Meilhac et al., 2003). We
analyzed 35 embryos with β-galactosidase positive cells in the
interventricular region and divided them into categories based
on the distribution of labeled cells in the septum and right/left
ventricles: left ventricle and IVS (LV-IVS), right ventricle and
IVS (RV-IVS) and IVS alone (Table 1).
We found 16 clusters that were located in the left ventricular
free wall (LV-IVS clusters), which also contributed to theMlc3f-
nlacZ-2 transgene expression domain in the IVS (Figs. 5F–J).
In three cases, a contribution of left ventricular myocardium to
the dorsal apical aspect of the forming IVS was observed. We
found 13 clusters of β-galactosidase-positive cells that were
located in the right ventricular free wall and contributed to the
right side of the interventricular septum (RV-IVS clusters),
within the Mlc1v-nlacZ-24 positive domain (Figs. 5A–E). LV-
IVS and RV-IVS clusters are of approximately similar size (see
Table 1). The location of the clusters is presented schematically
in Fig. 6A. Their left–right extension (or width) is compared in
Fig. 6B, together with that of the Mlc1v-nlacZ-24 and Mlc3F-
nlacZ-2 transgenes. Cluster width was invariably less than that
of the right and left transgene domains. The apico-basal
distribution and extension of 18 RV-IVS and LV-IVS clusters
are depicted in Figs. 6C and D. It is notable that most of the
clusters display an apico-basal orientation and are linked to the
left or right ventricular free wall (72%; 13/18), while only a
minority enters the IVS from a medial (11%; 2/18) or dorsal
position (17%; 3/18).n (LV-IVS and RV-IVS). Panels A–E and F–J are representative E14.5 mouse
ration shows clusters of β-galactosidase positive cells detectable on the surface in
). Panels C–E and H–J are serial sections of the α-cardiac-actinnlaacZ1.1/+ hearts
eft ventricular free wall extend into the left facing part of the IVS, maintaining a
e right ventricular free wall extend into the right facing part of the IVS and are
of β-galactosidase positive cells in these serial sections. ra, right atrium; rv, right
Fig. 6. Orientation and extension of β-galactosidase positive clusters. (A) Distribution of the RV-IVS and LV-IVS clusters within the dorso-ventral and apico-basal
axes of the IVS. Note that the majority of the RV-IVS and LV-IVS clusters are located within the basal aspect of the IVS, only two of the RV-IVS clusters are located
medio-ventrally. Three LV-IVS clusters colonize the apical aspect of the IVS from the dorsal aspect of the LV free wall, whereas none enter from the dorsal aspect of
the RV. (B). The relative extension, as a percentage from right to left, of individual RV-IVS and LV-IVS β-galactosidase positive clusters is presented graphically in the
blue bars. Relative quantitative measurements of Mlc1v-nlacZ-24 and Mlc3f-nlacZ-2 transgene (Tg) expression on the left–right axis (width) of the IVS are
summarized in the upper (Mlc1v-nlacZ-24) and lower (Mlc3f-nlacZ-2) panels which show transgene extension on the dorsal (yellow bar), medial (red bar) and ventral
(blue bar) axes. RV-IVS clones are always within the right transgene domain whereas the LV-IVS clones are always within the left transgene domain. Note that there is
an overlap of transgene expression in the dorsal aspect of the IVS, whereas the ventral most expression of the transgenes is complementary in terms of right and left
contributions. (C) Schematic representation of RV-IVS and LV-IVS cluster distribution within the apico-basal axes of the IVS. The majority of the RV-IVS and LV-IVS
clusters are located within the basal aspect of the IVS. Only two RV-IVS clusters are located medio-ventrally and three LV-IVS clusters colonize the apical aspect of the
IVS from the dorsal aspect of the LV free wall. (D) The relative apical–basal extension of individual RV-IVS and LV-IVS β-galactosidase positive clusters is presented
graphically by red and blue columns, respectively, as a percentage of total apico-basal IVS length.
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either within left (12) or right (7) domains, extending along the
dorso-ventral axis of the IVS (Figs. 7A–C). Most of theseFig. 7. Restrospective clonal analysis of the myocardium in the interventricular re
actinnlaacZ1.1/+ targeted line that display clusters of β-galactosidase positive cells with
and apical (C) regions of the IVS, as demarcated by the arrows in these panels.clusters are small, indicating that they result from a later
recombination event (Meilhac et al., 2003). These clonally
related cells were distributed along the apical–basal axis of thegion (IVS). Panels A–C are representative E14.5 mouse hearts from the αc-
in discrete regions of the IVS. Clusters can be found in the basal (A), medial (B)
373D. Franco et al. / Developmental Biology 294 (2006) 366–375IVS; six clusters were located within the apical aspect, six
clusters were medial and six clusters were basal. A single IVS
restricted cluster was distributed along the entire apical–basal
axis of the IVS. These data illustrate that both left and right
ventricular cardiomyocyte populations contribute to the forma-
tion of the developing IVS and that by E14.5 there is little
intermingling between left and right components. Furthermore,
this cellular analysis reveals that the majority of clusters
analyzed respect the IVS domains defined by the expression of
the two Mlc-nlacZ transgenes.
Discussion
The analysis of two transgenes, which are expressed in left or
right ventricular myocardium, reveals complementary labeling
of left and right domains of the forming interventricular septum.
Endogenous Tbx18 transcripts also show a left ventricular
expression domain and accumulate in the left half of the IVS.
The existence of this transcriptional boundary suggests that the
IVS is comprised of two distinct myocardial domains with left
and right ventricular identity. We have confirmed that myocar-
dial cells from both ventricles contribute to the IVS by a clonal
lineage analysis. Coexpression of the two transgenes in the
dorsal apical region of the IVS suggests that there may be a third
myocardial contribution, derived from the inner curvature of the
early heart, which is characterized by transgene coexpression at
embryonic stages of development.
Detailed analysis of the Mlc1v-nlacZ-24 and Mlc3f-nlacZ-2
transgene expression patterns suggests that there is a
symmetric contribution of cardiomyocytes with left and right
ventricular identities to the developing IVS during the initial
stages of IVS formation, between E9.5 and E11.5. From E12.5
onwards, cardiomyocytes with left ventricular identity come to
dominate the IVS. Interestingly, this left ventricular domi-
nance is more prominent in the dorsal than in the ventral
aspect of the IVS, a finding possibly related to the progressive
rightward movement of the atrioventricular canal (Kim et al.,
2001). In the adult heart, the right ventricular identity of
cardiomyocytes in the ventral aspect of the IVS is still
observed along the entire apico-basal axis. These data suggest
that there is a differential left and right ventricular identity
within the definitive IVS. Similarly, the free left ventricular
wall becomes significantly thicker than the free right
ventricular wall after E12.5, reflecting the acquisition of
different functional requirements for the developing pulmo-
nary and systemic ventricles. Our data are supported by the
expression of Tbx18 in the left ventricular free-wall and left
component of the IVS. Interestingly, the description of other
right ventricular regionalized transgenes, Mlc2v-nlacZ (Ross et
al., 1996), Isl1Cre (Cai et al., 2003) and Mef2c-lacZ (Verzi et
al., 2005) also reveals a boundary of transgene expression
within the IVS. In contrast, a Mef2c enhancer-driven Cre
recombinase transgene crossed with an ubiquitous floxed
reporter gene suggests that the entire IVS is derived from a
common population of progenitor cells (Verzi et al., 2005).
There appears, therefore, to be differences between the early
contribution of cell lineages to the future IVS region and thelater contribution of left and right ventricular myocytes to the
forming IVS.
Our results, based on the analysis of transcriptional markers,
are supported by the distribution of β-galactosidase positive cell
clusters in nlacZ/nlaacZ chimeric hearts. A retrospective clonal
analysis, using this mouse line, showed that, at E8.5, a stage
when all labeled cells are clonally related, two myocardial cell
lineages can be distinguished; the first lineage contributes to
both presumptive left and right ventricles, whereas the second
lineage contributes to the right but not the left ventricle
(Meilhac et al., 2004b). At this stage, therefore, there is no strict
clonal boundary between left and right ventricles, consistent
with the Mef2c-Cre data of Verzi et al. (2005). The Mlc1v-
nlacZ-24 transgene, which is under the transcriptional regula-
tion of the Fgf10 gene, is initially expressed in the anterior part
of the second heart field (Kelly et al., 2001) and marks the
contribution of the second lineage to the outflow tract and right
ventricle, due to the perduration of β-galactosidase. However,
by E9.5, Fgf10 is transcribed in myocardial cells of the right
ventricle and outflow tract (data not shown; Cai et al., 2003) and
can no longer be regarded as a definitive marker of second
lineage cells.
By E10.5, when the nascent IVS begins to extend inwards
from the outer curvature, a clonal boundary is much more
evident (Zaffran et al., 2004). By this stage, oriented cell
growth along the length of the forming septum is also clearly
seen (Meilhac et al., 2004a). Our analysis of β-galactosidase
clusters within the IVS at E14.5 provides new insights into
the characteristics of these clusters and into IVS morphogen-
esis. Oriented cell growth, parallel to the septum, is
maintained in the coherent clusters of labeled cells. The
majority of clusters at E14.5 have either a left ventricular or
right ventricular component, with respect to the left/right
domains within the IVS, demarcated by the transgenes. This
is also the case for clones with labeled cells restricted to the
IVS, which are on average small in size (<20 cells), and
therefore probably represent late recombination events.
Interestingly, these IVS clones are widely and equally
distributed along the IVS, and are preferentially oriented
along the dorso-ventral axis.
The observation that oriented growth, parallel to the apico-
basal axis of the septum, is maintained in the coherent clusters
of labeled cells at E14.5, suggests that the formation of the IVS
is preferentially caused by active cell proliferation of the IVS
cells as previously suggested by Patten (1964) and Harh and
Paul (1975). However, it is interesting to note that none of the
apico-basal oriented cell clusters observed at E14.5 is located in
the most apical aspect of the forming IVS. Morphological
studies, as well as cell labeling experiments in the chick
embryo, support the notion that the muscular IVS has two
different components, one derived from the body of the
ventricular chambers and a second one, forming the apical
one-third, of an uncertain origin (Van Mierop and Kutsche,
1985; De la Cruz et al., 1997). Our data for the mouse heart
suggest that the basal region of the IVS is derived from the
original primordia of the interventricular septa, whereas the
Mlc-nlacZ coexpressing areas may derive from the inner
374 D. Franco et al. / Developmental Biology 294 (2006) 366–375curvature of the heart. Detailed expression of these transgenes
and ventricular conduction system markers (Habets et al., 2002;
Hoogaars et al., 2004; Miquerol et al., 2004) will provide
further insight into the role of this discrete cell population
during development.
Our results are consistent with a multi-step model of IVS
development. A first passive growth phase delineates the
apical/medial aspect of the IVS as suggested by Van Mierop
and Kutsche (1985) and Rychter et al. (1979), including a
contribution of cardiomyocytes derived from the inner
curvature of the heart, followed by a second wave of
active ingrowth of left and right-derived cardiomyocytes
from the adjacent left and right ventricular chambers.
Finally, a third wave of septal growth appears to involve
dorso-ventral proliferation of cells which have already
assumed an apical–basal and left–right position within the
septum.
A number of mouse models have been generated that
result in ventricular septal defects. In some cases, where the
defect is in the membranous part of the IVS, the septal
defects are likely to result from abnormal alignment of the
endocardial cushions (Icardo and Sanchez de Vega, 1991), in
other cases, there is a lack of compaction of the muscular
interventricular septum (Chen et al., 2004; Sucov et al.,
1994), while in others there is evidence of local disruption of
the myocardial mass (Shilham et al., 1996). Our results
demonstrate that the contribution of left and right myocardial
compartments to the developing interventricular septum
diverges along both the dorso-ventral and apical–basal axes.
The dorsal apex of the IVS, at the junction with the
membranous component, which our data suggest has a
distinct embryological origin to that of the basal region of
the IVS, is particularly susceptible to perturbation in
congenital heart disease. Distinct embryological mechanisms
may therefore be involved in different types of muscular
interventricular septal defects. Currently, we are assessing the
contribution of the left and right derived components to the
IVS in mouse models of congenital heart disease, with
muscular ventricular septal defects. These studies will provide
insights into the defective mechanisms underlying abnormal
interventricular septation.
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